Abstract-Five measurements of the magnetic-field vector near the surface of the earth are shown to be sufficient to determine the orientation and location of a buried magnetic dipole. A discussion of field experiments which demonstrate the location concept is included.
A means for locating the generally oriented buried magnetic dipole or BMD has been proposed by Raab et al. [4], [5] . The preferred configuration would use three 3-axis magnetic dipoles on the surface to transmit a sequence of 24 excitation states at 13 Hz. Each state consists of a pair of quadraturephased dipoles from one source, and the multiple states provide five independent phase girds. The BMD hard-limits and retransmits the downlink signal using phase modulation above 600 Hz. At the surface, recursive computation based upon the phase girds locates the BMD. An advantage of this concept is that the SNR of the phase girds can be established using virtually unlimited surface power. As far as we know this concept has not received a field trial.
The concept described here is a simpler approach to finding a BMD whose orientation is unknown. The relative amplitude and phase of the three H-field components, measured at five surface locations, is sufficient to locate the dipole. This concept, however, will have less range than the Raab concept because the power for the field is derived from a buried energy source rather than a surface power gird.
0196/2892/82/0400-0188$00.75 © 1982 IEEE We assume that the dipole source is a small coil of N-turns and radius "a" centered at the origin of a cylindrical (p, 0, t) coordinate system with the winding axis of the coil along the c-axis. Wait and Hill [6] have shown that a current-carrying loop of arbitrary shape produces an azimuthal magnetic field component. Our method requires the absence of such a component together with azimuthal symmetry in the remaining components. Hence, we choose a circular coil. We assume that the frequency of the coil current I is low enough that the components of the magnetic intensity vector in air near the surface are given by the static formulas that (1) and (2) where R is the spherical radius, R = (p2 + t2)1/2. We will use these formulas to compute the z-coordinate of the field point, and to compute the fields from the predicted dipole location. The earth is assumed to be homogeneous with conductivity a, relative dielectric constant Er, and free-space permeability Puo. The earth's surface is assumed to be flat.
II. COORDINATE CONSIDERATIONS
The location process begins with a surface observer specifying the origin of Cartesian coordinates at some point, and making H-field measurements at several points Pi(x, y, and z).
Beneath the earth another Cartesian frame, denoted by prime superscripts, provides the coordinate frame of the dipole, Fig. 1 . The z'-axis is the winding axis of the dipole and is tilted through angle a from the z-axis. The azimuth angle : is defined as the angle between the xz-plane and the projection of the z'-axis in -the xy-plane. Now consider a cylindrical (p, 0, t)-frame coincident with the (x, y, and z)'-frame so (6) The unit vector in the direction is just 2a;b = Ap / IA <1, and the set of cylindrical unit vectors is completed by using ap = 'a, x 2a. because o-= 0. However, if the dipole should be located along the buried projection of the line joining the two surface points, both sides of (1 1) will be zero. The use of m = 3 and a triangular layout is a better choice, and we turn now to determining the angles (ce ).
IV. DETERMINING DiIPOLE ORIENTATION
The location scheme requires knowledge of the dipole orientation. We expand both sides of (11) and get (m -1) equations of the forn (1) and the exact calculation of the Hr-field from a vertical magnetic dipole in a homogeneous half-space [1] with a conductivity of 0.2 S/in. Fig. 3 shows the error as a function of depth for two choices of frequency and with (p/v) as a parameter. The error in using either frequency at depths less than 20 m is less than 2 percent. The effect of the earth upon location errors, rather than the error in a field component, would be a better criterion for choosing the operating frequency for a mine rescue plan. Nc No within 52 cm of its computed location in the surface xy-plane, but the computed depth was always deeper than the actual depth. The BMD package consisted of an aluminum cylinder 127-mm OD by 630 mm long which supported a tiltable coil on the rear. The azimuth angle was determined by sighting down the vertical descent shaft at two lamps on the rear of the package. The interference of the suspension rope caused a ±80 uncertainty in ,B; we believe that the uncertainty in a was ±0.50 and that (x,y, and z)-coordinates were measured within ±2 cm. Details of the BMD for the tests are shown in Table I The number of surface points needed to locate a BMD depend on prior knowledge of tilt and rotation angles as shown in Table II .
We recommend that an extra surface point be used in each case to provide redundancy. Field tests of the location algorithm have demonstrated that the BMD can be found even when both the tilt and rotation angles are unknown.
